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Abstract: In this study, zeolite molecular sieve SAPO-34/polydimethylsiloxane (PDMS) mixed ma-
trix membranes (MMMs) were prepared to recover propane. n-Octyltrichlorosilane (OTCS) was
introduced to improve compatibility between SAPO-34 and PDMS, and enhance the separation per-
formance of the MMMSs. Physicochemical properties of the MMMs were characterized by scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD)
and water contact angle (WCA). Results showed that, after modification, alkyl chains were success-
fully grafted onto SAPO-34 without changing its crystal structure, particles in the MMMs were evenly
distributed in the base film, and the hydrophobicity of the MMMSs was enhanced. Moreover, the
effects of SAPO-34 filling content, operating pressure, and feed gas concentration on the separation
performance was explored. This indicated that the modification with OTCS effectively enhanced the
separation performance of SAPO-34/PDMS MMMs. When the filling content of modified SAPO-
34 was 15%, the maximal separation factor of 22.1 was achieved, and the corresponding propane
permeation rate was 101 GPU.

Keywords: MMMs; SAPO-34; PDMS; OTCS; propane recovery

1. Introduction

Volatile organic compounds (VOCs) are organic compounds that participate in atmo-
spheric photochemical reactions or active chemical substances determined in accordance
with relevant regulations that damage human health and the environment [1]. Among
them, artificial sources include automobile emissions, petrochemical plants, and tail gas
from gas stations [2]. Heavy hydrocarbon components (C3+) in tail gas should be recovered
for both economic and environmental perspectives [3]. In terms of VOC detection, there are
carbon-canister-based sampling methods and preconcentrator gas chromatography—mass
spectrometry (GC-MS) analysis [4]. In terms of VOC recovery, membrane separation
technology has many advantages over conventional techniques, such as high efficiency
and energy saving, shorter process flow, and simple operation [5,6]. The separation per-
formance of membrane materials is directly related to the recovery efficiency of VOCs.
Polymeric membranes formed by glassy polymer and rubbery polymer are a hot spot of
research due to its excellent gas permeability and good processability [7]. Glassy polymer
membranes are constructed from stiff unsaturated frameworks and bulky side chains [8]
such as polyetherimide [9,10], poly (1-trimethylsilyl-1-propyne) [11,12]. Glassy polymer
membranes usually have good gas permeability, but highly raw prices, complicated synthe-
sis process and poor chemical stability limit its application in practical production. Rubbery
polymer membranes such as polyoctylmethylsiloxane and polydecylmethylsiloxane are
all successfully used for the separation of C3Hg/CHj [13], and PDMS is often used due to
its high permeability and good chemical stability [14]. Although it performs well in the
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pure gas permeation test, performance in actual mixed gas (such as propane/nitrogen) still
needs to be improved, especially since the adsorption of hydrocarbons leads to the polymer
matrix swelling, and the selectivity of hydrocarbons thereby decreases [15-17].

The mixed matrix membrane that combines the characteristics of organic membrane
with inorganic membrane is an effective way to improve the performance of polymer
membranes. Key factors for the separation performance improvement of MMMs include
the intrinsic properties of the dispersed phase (such as particle size and porosity) and the
interface compatibility between the dispersed and continuous phases [18]. Metal organic
frameworks (MOFs) are a kind of nanoporous material with ultrahigh porosity, large spe-
cific surface area, structural diversity, and functional abundance. In recent years, inorganic
particles (such as ZIFs and MIL) have been based on MOFs [19,20] that are widely used in
oil and gas separation, achieving good results. Considering the advantages of MOFs in this
respect, many scholars introduced MOFs into polymer membranes to prepare mixed matrix
membranes, such as introducing ZIF-8 and ZIF-71 into polyimide [21,22], and ZIF-8 into
polyethylene oxide [23,24], and all achieved good separation performance of propane and
propylene. The introduction of ZIF-8 into PDMS [25,26] has also achieved good propane
and nitrogen separation performance. However, the high pollution and high cost in the
synthesis of MOFs greatly limits its industrial application. Therefore, it is necessary to find
materials that are low-cost, simple to synthesize, and easy to industrialize. The molecular
sieve [27] is an aluminosilicate composed of regularly arranged silicon-oxygen tetrahedrons
and aluminum-oxygen tetrahedrons. It is named because of its uniform pore size and neat
arrangement, which has the function of sieving molecules of different sizes and shapes.
The silicon—aluminum phosphate (SAPO-n) molecular sieve is a new type of molecular
sieve developed by United Carbide Corporation (UCC) [28]. Among them, SAPO-34 has a
strong acidic center, a unique pore structure, and abundant micropores. It is widely used
in the fields of tail gas purification and membrane separation [29,30]. SAPO-34 was also
successfully applied to polyhexafluoroethylene [31], polyethersulfone [32], polyvinylidene
fluoride [33], polyurethane [34], and other polymer membranes. During this research,
MMMs were prepared by filling PDMS with SAPO-34 to improve the propane recovery
performance of PDMS membrane. One reason for the enhanced separation performance
by SAPO-34 may be that the formation of rigidified region at the interface may reduce the
free volume of PDMS, and thus reduce the diffusion of nitrogen. SAPO-34 can increase
the solubility of propane, which is beneficial to improving the permeation flux of propane.
However, SAPO-34 contains many hydroxyl groups and has poor compatibility with PDMS.
When it is filled in PDMS to produce a mixed matrix membrane, nonselective voids are
formed that adversely impact the separation performance of the membrane [35,36], thereby
affecting the separation performance of the membrane. In order to solve this problem,
OTCS was introduced to modify SAPO-34. Through the reaction between hydroxyl groups
on the surface of SAPO-34 and OTCS, most hydroxyl groups are removed and transformed
into lipophilic organic groups, so as to turn the hydrophilic surface of SAPO-34 lipophilic,
which makes it compatible with PDMS [37]. The OTCS-modified SAPO-34 was then intro-
duced into the PDMS to prepare SAPO-34 (OTCS)/PDMS MMMs. A propane/nitrogen
mixture was employed to study the separation performance of the membrane.

2. Materials and Methods
2.1. Materials

The PDMS prepolymer (hydroxyl-terminated) with a viscosity of 50,000 mPa-s was
purchased from Beijing Tongguang Fine Chemical Company (Beijing, China). SAPO-34
molecular sieve (silicon-to-aluminum ratio: 1) was obtained from Tianjin Nankai Catalyst
Factory (Tianjin, China). Solvent n-heptane (AR) and n-octyltrichlorosilane (OTCS, AR)
were received from Aladdin Reagent Co., Ltd. (Shanghai, China). Catalyst dibutyltin
dilaurate (DBTL, AR) was supplied by Sinopharm Chemical Reagent Co., Ltd. (Beijing,
China), and the crosslinking agent vinyl triethoxysilane (VMOS, AR) was provided by
afaesha (China) Chemical Co., Ltd. (Shanghai, China). PVDF with a molecular weight of
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170,000 was purchased from Shanghai XingYa Co, Ltd. (Shanghai, China). Nitrogen (N,
99.99 vol%) and propane (C3Hg, 97 vol%) were used for gas permeation evaluation. All
chemicals were used as received.

2.2. Modification of SAPO-34 with OTCS

SAPO-34 was first placed in an oven at 100 °C for 2 h and cooled to room temperature.
Then, 5 g dry SAPO-34 was dispersed in 25 g n-heptane and stirred for 1 h, ultrasonically
dispersed for 30 min, and stirred again for 1 h. We added 0.9 g of OTCS to the above
solution, stirred for 1 h, and then filtered. The filter cake was washed with n-heptane to
remove the residual OTCS and dried under vacuum at 110 °C for 6 h in an oven to remove
the adsorbed n-heptane from the SAPO-34.

2.3. SAPO-34/PDMS Mixed Matrix Membrane Preparation

A certain mass of PDMS prepolymer was dissolved in n-heptane and stirred for 4 h.
A certain amount of OTCS modified SAPO-34 was dispersed in n-heptane, stirred for
1 h, and ultrasonically dispersed for 1 h to obtain a uniformly dispersed solution. The
acquired dispersed solution was then added to the above acquired PDMS prepolymer/n-
heptane solution. After mechanical stirring for 30 min, it was ultrasonically dispersed for
30 min. Certain amounts of cross-linking agent VMOS and catalyst DBTL were added. The
membrane was casted after the viscosity of casting solution was large enough.

The PVDF (PVDE-1015) porous support membrane was prepared by nonsolvent
induced phase separation (NIPS) [38]. Then, the support membrane was paved on a
smooth and dry glass plate, and a square groove of 12 x 12 cm was adhered on the surface
of PVDF membrane with a certain tape thickness. The prepared casting solution was evenly
poured on one side of the groove, and scraped across the surface evenly and uniformly with
a glass rod to remove the excess casting solution. The scraped composite film was placed
at room temperature for 24 h to volatilize solvent and cure the PDMS prepolymer; then, it
was placed in an oven at 80 °C for 4 h to further drying and crosslinking. Different contents
of SAPO-34 were added to the PDMS to prepare the MMMs, and SAPO-34 (OTCS)/PDMS
MMMs were prepared. SAPO-34 (OTCS) samples in PDMS filled with 0, 1, 5, 10, 15, and
20 wt % MMMs were named M0, M1, M2, M3, M4, M5, respectively. Figure 1 shows the
illustration of modification of the preparation of SAPO-34 (OTCS) membranes.
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Figure 1. Illustration of preparation of SAPO-34 (OTCS) membranes.

2.4. Characterization of SAPO-34 and MMMs

The morphology of SAPO-34 and the prepared MMMs was observed by a scanning
electron microscope (JSM7401F). The conductive adhesive was pasted on the sample table,
and the SAPO-34 sample was uniformly coated on the surface of the conductive adhesive.
For the preparation of cross-sectional samples, membranes were immersed and quenched
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in liquid nitrogen. The sample surface was prepared by shearing clean and dry membrane
blocks directly onto the sample table. All samples were tested after vacuum spraying gold.

The infrared spectra of SAPO-34 and prepared MMMs were tested with an IR560
Fourier Transform Infrared Spectrometer from Nicolet, USA, and analyzed by total reflec-
tion infrared spectroscopy (FTIR-ATR) with a scanning range of 4000~600 cm ! and a
scanning resolution of 4 cm 1.

The X-ray diffraction of SAPO-34 granular crystals was tested with Bruker D8 X-ray
diffractometer, Cu Ka monochromatic filter rays were used, tube voltage was 40 kV, scan-
ning rate was 1°/min, and scanning range was 2°-40°.

The static contact angle of pure water on the surface of prepared MMMs was measured
at room temperature (25 °C) using an OCA-20 contact angle measuring instrument from
German Dataphysics Company; the sample was fixed on a clean and dry glass slide with
double-sided tape and cut into a slender strip with a width of 6 mm, and droplet volume
was 2 pL.

2.5. Gas Permeation Test

The gas permeation test was carried out in a self-designed device, as shown in Figure 2.
The device system consisted of three main parts: gas circuit, membrane device, and gas
chromatography. Gas flow was measured by soap film flowmeter. Reference test conditions:
total gas flow was 300 mL/min, reference test temperature was 25 °C, purge gas flow was
about 150 mL/min, the effective area of the membrane tank was about 25 cm?2, and the
concentration of C3Hg in the feed gas was 20 vol%.

Inlet Purge exhaust
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Mass flow units I
Membrane cell
r G D
Y

Permeate
Bubber

Sweeping flowmeter
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.......... -

i Mass flow } Data acquisition
1 controller center
becccccces 4

Figure 2. Illustration of membrane performance online evaluation device.

The SAPO-34 (OTCS)/PDMS membrane separation factor was calculated by the
following equation:
yily;
X / X i

p= )
where: x; and y; are the volume fractions of component i in the feed gas and permeate
gas, respectively.

The permeation rate of component i, R; (GPU,1 GPU =1 x 1070 am? (S"[l”)-cm’z-s’1 -cm Hg’l),
was calculated by the following formula:

Qi
R; =
YN

@

where Q; is the permeation flux of component i (cm3-s71);
A is the actual membrane area, 25 cm?;
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AP; is the partial pressure difference of component i between the upstream and
downstream sides of the membrane, which is calculated by Formula (3):

AP; = Pyx; — Py; 3)

where Py, is the absolute pressure of the feed gas, and P is the absolute pressure of the
permeate gas.

3. Results and Discussion
3.1. SAPO-34 Molecular Sieve Characterization

Figure 3 shows that the SAPO-34 crystals were regular in shape, with a cubic hexa-
hedral structure and a particle size of about 3 pm; after OTCS modification, the crystal
structure of SAPO-34 did not change. Figure 4 shows the infrared and XRD spectra of
SAPO-34. After modification, the characteristic absorption peaks of -CHsz and -CH, ap-
peared at 2850-3000 cm !, which indicated that alkyl chains were successfully grafted onto
SAPO-34. The XRD image shows that OTCS modification did not change or destroy the
original crystal structure of the SAPO-34, and no new phase was formed.

2019/12130 17.03 N Xi0k  10um

Figure 3. SEM of (a) SAPO-34 and (b) OTCS-modified SAPO-34.
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Figure 4. (a) FT-IR spectra and (b) XRD of SAPO-34 and OTCS modified SAPO-34.

3.2. Morphology of SAPO-34/PDMS MMMs

Figures 5 and 6 show the surface and cross-sectional morphology of MO-M5. The
surface of the pristine PDMS membrane was smooth and flat. With the introduction of
SAPO-34, particles began to appear on the membrane surface, and with more SAPO-34
filling, more particles appeared on the membrane surface, and the rougher the surface
became. When the filling content was less than 20 wt%, SAPO-34 had good dispersion and
no obvious agglomeration, and the surface of MMMSs had no obvious defects because the
hydroxyl groups on the surface of the modified SAPO-34 were replaced by alkyl chains in
the coupling agent reaction, which turned SAPO-34 from hydrophilic into hydrophobic,
thus enhancing its compatibility with PDMS. Cross-sectional images show a series of
composite membrane structures. The upper layer had a certain degree of pore intrusion,
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which could more firmly bond the separation layer and basement membrane, and the
thickness of the PDMS separation layer was about 12 pm.

Figure 5. SEM images of surface of membranes ((a): MO, (b): M1, (c): M2, (d): M3, (e): M4, (f): M5).

Figure 6. SEM image of cross-section of membranes. ((a) MO0; (b) M1; (c) M2; (d) M3; (e) M4; (f) M5).

FT-IR spectra of the PMDS prepolymer and MMMs are shown in Figure 7a. The
characteristic absorption peaks at 30002890 cm~! were generated by the stretching of
Si-OH groups and the stretching vibration of ~-CH3 groups in PDMS; 1200-1300 cm ™!
resulted from the deformation vibration of Si-C groups; 1000-1150 cm ! occurred from
the angle bending vibration of Si-OH groups and the asymmetric stretching of Si-O-5i
groups [38—40]. The PDMS used in this work was hydroxyl-terminated, and most of the
hydroxyl groups were consumed after the cross-linking reaction. Comparing with the
PDMS prepolymer, the peak intensity of the cross-linked membrane was significantly
weakened. With the increase in SAPO-34 content, peak intensity had no obvious change
because the hydroxyl group of SAPO-34 was greatly reduced, which had little promotion
on PDMS cross-linking. Figure 7b shows the contact angle of prepared MMMs with dif-
ferent SAPO-34 (OTCS) loading (M0-MS5). With the increase in filling content, the surface
contact angle of the MMM s increased, which indicated that the surface hydrophobicity
of MMM s increased. The reasons are as follows: On the one hand, the SAPO-34 particles
are hydrophobic. After modification, the hydroxyl groups on the surface of the SAPO-34
decreased, and organic functional groups increased, which increased the hydrophobicity of
the MMMSs. On the other hand, the filling of SAPO-34 (OTCS) increased the surface rough-
ness of the membrane, which is beneficial for increasing the contact angle for hydrophobic
surfaces [37].
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Figure 7. (a) FT-IR spectra of PMDS prepolymer and M0-M5; (b) contact angles of M0-M5.

3.3. Separation Performance of SAPO-34 (OTCS)/PDMS MMMs
3.3.1. Effect of OTCS Modlification

The separation performance of MMMs with SAPO-34 and OTCS-modified SAPO-34 is
shown in Table 1. The filling content was 5%, and the test was carried out at 0.1 MPa. The
separation factor and propane permeance of the mixed matrix membrane were significantly
higher for the SAPO-34 (OTCS)/PDMS MMMs, which shows that the separation perfor-
mance of the mixed matrix membrane could be effectively improved after modification.
Therefore, SAPO-34 modified by OTCS was used in the later part of the work.

Table 1. Separation performance of the MMM:s filled with SAPO-34 and OTCS-modified SAPO-34.

Separation Factors

14.2
18.8

Propane Permeance

97.7
139.0

SAPO-34/PDMS MMM
SAPO-34 (OTCS)/PDMS MMMs

3.3.2. Effect of SAPO-34 (OTCS) Loading

Figure 8 shows the separation factors and propane permeance of MMMs at different
SAPO-34 (OTCS) loading. The separation factor of the membrane first increased with
the increase of SAPO-34 (OTCS) loading, reached the maximal value of 22.1 when the
loading was 15%, and then decreased rapidly with the increase of loading. SAPO-34 was
modified by OTCS, leading to the MMM s having a certain solubilization effect on organic
vapor [41,42], which increased the solubility of propane in the MMMSs and thus helped
in improving the separation factor of the membrane. When the SAPO-34 (OTCS) loading
exceeded 15%, as Figure 6 shows, the agglomeration of SAPO-34 (OTCS) increased signifi-
cantly, resulting in internal voids and mesoporous defects. The defect had no preferential
selectivity to propane, resulting in a decrease in the separation factor of MMM [43,44]. In
terms of propane permeance, when the filling content was between 0 and 15%, the propane
permeation rate decreased with the increase in SAPO-34 (OTCS) loading. PDMS segments
are extremely flexible and have strong mobility, which is conducive to gas permeation.
With the filling of nanoparticles, the motion of the segments at the interface is affected
by nanoparticles, tending to be regular and closely arranged, forms the so-called “chain
rigidification”, and further reduces gas permeability [41,45-47]. M Nour [48] filled carbon
nanotubes into PDMS, and I Hossain et al. [49] added NH,-UIO-66 to PDMS, resulting in a
decline in permeation rate. While the loading reached 20%, propane permeance increased
due to the defects caused by the partial agglomeration of the SAPO-34. The 15% loading of
SAPO-34 (OTCS) showed the best separation factor and appropriate propane permeation.
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Figure 8. Effects of SAPO-34 (OTCS) loading on separation performance.

3.3.3. Effect of Operating Pressure

Figure 9 shows the effect of different operating pressures on the separation factor
and the propane permeance. As operating pressure increased, the separation factor of the
MMM decreased. The reason may be that the solubility of propane in PDMS increased,
which increased the swelling degree and free volume of PDMS, and the increase in free
volume should be more conducive to the penetration of nitrogen. When the loading was
5%-15%, the separation factor was basically more than 16.0, and the maximum was 22.1.
With the increase in operating pressure, the propane permeance of the membrane increased.
For all the loading in this work, propane permeance remained above 100 GPU, which is
considered to have industrial feasibility [50]. Through a reasonable process design, the
silicone rubber membrane with a separation factor of 10 and permeation of more than
100 GPU can effectively concentrate the alkane to more than 99%. According to different
feed-permeate side pressure ratios, it is often necessary to select membrane materials with
different permeability and selectivity for combination in order to optimize the operating
cost as much as possible [51]. Therefore, the highly selective SAPO-34 (OTCS)/PDMS
MMNMs prepared in this paper provides more choice for industrial application. In industrial
application, certain operating pressure can be selected according to separation requirements
to obtain appropriate flux and separation factor.
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Figure 9. Effects of operating pressures of different SAPO-34 (OTCS) loading of membranes on
separation factors (a) and propane permeance (b) in propane concentration of 20 vol%.

3.3.4. Effect of Propane Feed Concentration

In industrial applications, due to the limitation of separation factors, one-stage mem-
brane separation always cannot concentrate the hydrocarbon (propane) to the required
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concentration; in this case, multistage membrane concentration is required. The concen-
tration of hydrocarbon in the permeate was high, thus affecting the subsequent separa-
tion. Therefore, the effect of concentration on the separation performance was studied.
Figure 10 shows the effect of propane feed concentration on the separation performance
of M4. As the concentration of propane in the feed gas increases, the permeation rate of
propane and nitrogen both increase. When the propane feed concentration increased from
10 to 20 vol%, the permeation of propane increased greatly from 70 to 102 GPU and then
slowed down with the further increase in feed concentration. This is similar to Fang’s
work [52]. The reason can be ascribed to the increased propane dissolved in PDMS at
high feed concentration, which promotes propane permeance. However, when the feed
concentration exceeded 20 vol%, possibly due to the propane equilibrium uptake in the
MMMs, the grow rate propane permeance declined. For nitrogen, as propane dissolved in
the membrane increased, the free volume of PDMS also increased, which is beneficial to
nitrogen diffusion, so the permeation rate continued to increase. As a result, separation
factor showed a decreasing trend. When feed propane concentration increased to 40 vol%,
propane in the permeate was enriched to more than 90 vol%. In general, propane concen-
tration has a certain effect on the separation factor, but it is not significant. When propane
concentration exceeds 20%, influence on the permeance of propane and nitrogen is limited.
If a multistage membrane separation process is used, propane with even higher purity can
easily be obtained.
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Figure 10. Effect of propane feed concentration on (a) separation factors and (b) propane permeance
on operating pressure at 0.10 MPa.

4. Conclusions

In this paper, SAPO-34 was modified by OTCS and then blended with PDMS to pre-
pare a SAPO-34 (OTCS)/PDMS mixed matrix membrane. SEM, FT-IR, XRD and other
characterizations revealed that the crystal structure of SAPO-34 did not change after modi-
fication, and OTCS was successfully grafted. The surface roughness and hydrophobicity
of the prepared membrane increased with the filling of SAPO-34, which was beneficial
to the dissolution of propane. A small amount of SAPO-34 agglomeration occurred only
when the loading was over to 20 wt%. When the loading of SAPO-34 (OTCS) was 15%,
separation factor reached 22.1, and propane permeance was 101 GPU. Compared with the
unfilled membrane, the overall separation performance of SAPO-34 (OTCS)-filled PDMS
membrane was greatly improved.

In conclusion, SAPO-34 (OTCS)/PDMS MMMs have low preparation cost and good
separation factor. However, if the permeation flux could be further improved, it would be
more conducive to its application. One way is to reduce the size of SAPO-34 powder, so
that the separation layer of the MMM is thinner, which is conducive to improving the flux.
The mechanism of separation enhancement by inorganic powder is not well-understood,
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so if the work in this field is strengthened, it is possible to develop more suitable zeolites
and modifiers; thus, the separation performance of the MMMs can be effectively improved.
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